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It is not surprising that the complex 
metabolic machinery of the gut micro- 
biome has accidental, or directed, ability 
to alter our medicines and influence their 
efficacy. What is not known is the extent 
to which this has contributed to drug 
failures or contraindications, or to the 
derailment of clinical trials. Some stud- 
ies are unraveling the mechanisms by 
which the microbiota alter specific drugs, 
such as digoxin, and contribute to varia- 
tions in efficacies between patient popu- 
lations. Microbiome profiling, therefore, 
may well become an inevitable arm of all 
clinical trials in the future. 

A recent New York Times article titled "Do 
clinical trials work?" discussed the fail- 
ure of the angiogenesis inhibitor Avastin 
in a randomized double-blind, placebo- 
controlled trial involving 600 brain can- 
cer patients. 1 The article went on to state 
that our uncertainty about such drugs "is 
the norm, not the exception," attesting 
the distinctive physiology and pathology 
of human subjects, and the unique phar- 
macodynamics of compounds in different 
individuals. To improve the odds for suc- 
cessful phase III clinical trials, companies 
now conduct tests to identify and enroll 
smaller sub-populations with the appro- 
priate "genetic or molecular" attributes, 
the likely responders. The other arm of 
the uncertainty, as detailed by a number 
of studies, is likely the influence of the gut 
microbiota on various drugs. 

The same month, a study by Haiser 
et al. detailed the mechanism by which 
the gut bacterium Eggerthella lenta modi- 
fies the cardiac drug digoxin, and renders 
it inactive (Fig. I). 2 Digoxin, a cardiac gly- 
coside derived from the foxglove plant, is 
used for the treatment of heart conditions 



including atrial fibrillations and atrial 
flutter. The narrow therapeutic range of 
digoxin (0.5—2.0 ng/ml) and related gly- 
cosides, and the risk of toxicity, limit their 
usefulness. In a subset of patients, cardiac 
glycosides are substantially converted to 
reduction products, such as dihydrodi- 
goxin and dihydrodigoxigenin ("digoxin 
reduction products;" DRPs), that have 
decreased affinity for the target, the 
a-subunit ofsarcolemmal Na + K + -ATPase. 

As early as 1969, Herman and Repke 
speculated that the conversion was medi- 
ated by gastrointestinal microorganisms, 
and this was confirmed by Lindenbaum 
et al. in 1981. 3,4 In their study, volunteers 
orally administered digoxin, compared 
with subjects receiving the drug intrave- 
nously, had greater urinary DRP levels. 4 
Further, stool cultures from subjects that 
had increased urinary DRP (DRP excre- 
tors) converted digoxin to DRP in vitro, 
while those from non-excretors did not. 
Antibiotic administration to the excretors 
doubled their serum digoxin concentra- 
tions, and decreased urinary DRP levels. 

Follow-up studies from the same group 
identified the gram-positive, non-sporu- 
lating, gut anaerobe Eggerthella lenta (then 
known as Eubacterium lentum) as the sole 
organism responsible for digoxin reduc- 
tion, and implicated a role for arginine 
in regulating the growth of the organism 
and its ability to reduce digoxin. 5 Their 
studies also noted that the presence of the 
organism was not an absolute predictor 
for digoxin conversion. Other studies by 
the same group showed geographic differ- 
ences in digoxin inactivation, with DRP 
production being observed in 13-14% of 
healthy volunteers from South India and 
Bangladesh, compared with 35-36% of 
subjects from New York. 6,7 Further, greater 
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Figure 1. Digoxin is reduced to the cardioinactive dihydrodigoxin by E. lenta strains harboring the cgr operon. Digoxin induces cgr expression, and 
normal gut microbiota potentiate this induction; dietary protein, and arginine, inhibit cgr expression and digoxin reduction. 



numbers of urban subjects in India were 
converters, compared with rural subjects. 

Haiser et al. confirmed digoxin reduc- 
tion by E. lenta DSM2243, and its inhi- 
bition by arginine. 4 Using RNA-seq, they 
identified a two-gene operon that was 
highly upregulated by digoxin, as well 
as by related compounds with an a,(3- 
unsaturated butyrolactone ring. The two 
genes, cgrA and cgrB, encode proteins 
with homology to bacterial cytochromes, 
and may utilize digoxin as an alternate 
electron acceptor. Digoxin-induced cgr 
expression was inhibited by arginine. 

While a direct enzymatic role for 
CgrAB in the conversion of digoxin was not 
established, three related strains of E. lenta 
that lacked the cgr locus failed to reduce 
digoxin. Further, ex vivo digoxin reduction 
and qPCR assays on stool samples from 20 
unrelated healthy subjects showed a posi- 
tive correlation between high reducers and 
the presence of the cgr operon. E. lenta 
DSM2243 mono-association in germ-free 
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mice induced cgr expression, and digoxin 
administration resulted in decreased 
serum and urine digoxin compared with 
animals mono-associated with a cgr-neg- 
ative strain; a high protein diet, likely via 
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digoxin levels in DSM2243-administered 
animals. Thus, the presence of cgr-posi- 
tive E. lenta in the stool is predictive of 
increased digoxin inactivation, and the 
degree of digoxin reduction can be influ- 
enced by diet and microbiota. 
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(cgr for cardiac glycoside reductase); the 
bacterium likely has a completely different 
purpose for these genes, matters not of the 
heart. Haiser et al. showed that digoxin 
itself failed to support E. lenta growth 
in vitro, and hypothesized that digoxin 
reduction was an "off-target" response. 
In its ability to induce the cgr operons, 
does digoxin mimic some other secondary 
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metabolite of E. lento?. Could such com- 
pounds play a role in the physiology of 
E. lenta carriers, or can such products be 
modified for therapeutic purposes? The 
related actinomycete Streptomyces spp. 
produces 7-butyrolactones for quorum- 
sensing, although, unlike digoxin, these 
compounds have a completely reduced 
lactone ring (akin to the reduced digoxin 
compounds that failed to induce cgr 
expression); however, an unsaturated lac- 
tone ring is present in some of the biosyn- 
thetic intermediates. 

Several review articles discuss micro- 
biota-mediated transformation of various 
drugs, from acetaminophen to sulfasala- 
zine, and make the case for a "metage- 
nomic basis for therapeutics." 8,9 Thus, our 
distinct gut populations likely herald an 
inevitable future of personalized medicine. 
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